One of the most promising fields of finite element model updating involves using data obtained from the modal response of a structure to update a finite element model. The University of Central Florida (UCF) has constructed a scale model of a two span bridge. Using an impact hammer and accelerometers mounted on the structure, the first 17 natural frequencies and mode shapes were identified. Using two different residual error functions, a subset of the measured modal data was used to verify and update a finite element model of the structure so that it better reflects the behavior of the system. The results of the updating process are presented.
INTRODUCTION
The transportation infrastructure of the United States is deteriorating quickly. Of the nearly 600,000 bridges in the US, more than 150,000 of them are either structurally deficient or functionally obsolete (FWHA, 2007) . Many of these bridges were built during the interstate highway initiative which started in 1956 and with the typical bridge design lifespan of about 50 years, many more bridges are expected to join the structurally deficient ranks in the coming years.
Finite element model updating can be a useful tool in structural health monitoring. It gives inspectors another tool to aid in rating structures. Parameter estimation does not rely on visual inspection so inaccessible structural components such as steel imbedded in concrete can be observed. Parameter estimation can give an objective evaluation of the structure in question. As technology advances, the sensors and data acquisition systems (DAQ) used to collect nondestructive test (NDT) data are becoming more affordable.
This work uses modal data collected from a scale model of a bridge deck at the University of Central Florida. The data includes mode shapes and corresponding natural frequencies. It is used to update a finite element model so that the model more closely reflects the observed behavior. This work makes use of a research computer program called PARIS © (posted at http://engineering.tufts.edu/cee/people/sanayei/PARIS/home.html). PARIS was developed at Tufts University for finite element model updating (Sanayei, 1998) .
Structural Health Monitoring is a wide field of research that employs many different methods of evaluation. The context of this work includes monitoring of structures through the use of measured NDT data. Schulz and Commander (1995) present an efficient method for instrumenting and load testing a bridge. They use strain gauges which can be attached to a structure quickly with C-clamps. For railroad bridges the loading consists of driving a locomotive with known axle weights across the structure at "crawl speed" while sensors monitor the response continuously. The result is a series of static load tests. With continuous monitoring it is easy to identify non-linearities and other anomalies in the response of the structure. They can typically instrument, test and remove their sensors in five to eight hours, proving that this procedure does not need to be time intensive or costly.
The modal response of a structure can be a useful indicator for damage detection. Catbas, Brown and Aktan (2006) use mode shapes to calculate a modal flexibility matrix. If enough modes are used, this flexibility matrix behaves like the static flexibility matrix. Multiplying this matrix by a uniform load vector results in a deflected shape that is characteristic of the structure in question. It is shown through field tests of a steel girder bridge that this method can identify a damaged section of a structure. Catbas, Gul and Burkett (2008) expand on this method by calculating the curvature of the deflected shape. They show that the curvature vectors amplify differences in the structural response making damage easier to identify. Olund and DeWolf (2007) present a passive health monitoring system employed on several highway bridges in Connecticut. Passive monitoring has the advantage of many data points over a long period of time, but the structural excitation is unknown. They mainly focus on natural frequencies because it is fairly independent of the loading. They use an innovative trigger method that only records data during significant loadings of the structure to reduce the amount of data recorded. Using the data collected, they can create a benchmark model of the structure in its healthy state. Using the benchmark model they can compare it to any new data to determine if there is any change in the behavior of the structure. Maalej et. al (2002) also use the benchmark approach with continuous monitoring.
The use of multiple types of data or "data fusion" in parameter estimation is an area of active research. Bell et. al (2007) use dynamic mode shapes and frequencies as well as static data including displacements, tilts and strains to update a finite element model of a scale bridge deck located at the University of Cincinnati Infrastructure Institute. Because the different types of measurements vary over several orders of magnitude, there is a need for normalization that gives each measurement a reasonable weight in the estimation process. They choose to normalize everything with respect to the initial values of the error function. This solution produces reasonable results, but the final estimates vary depending on the initial assumptions of the unknown parameters.
In this research measured modal data such as natural frequencies and mode shapes are used for finite element model updating. Two residual error functions are used to estimate the structural parameters. Structural parameters are stiffness and mass properties at the element level.
ERROR FUNCTIONS
The generalized Eigenvalue problem that represents the dynamic behavior of elastic structures can be expressed as,
In this formulation φ denotes the mode shape of the structure and ω is the corresponding natural frequency. Equation (1) can also be partitioned as,
Measured modal coordinates are denoted with subscript 'a' and the unmeasured modal coordinates are denoted with subscript 'b'. For each mode shape used in (2), the natural frequencyω is a measured value obtained from the NDT. Two error functions, modal stiffness (MS) and modal flexibility (MF), are used in this work. The modal stiffness error function was developed by Sanayei et. al (1999) . Conceptually, the modal stiffness error function is a measure of the difference between predicted and measured modal forces. Using (2), the unmeasured modal coordinates b φ can be condensed out. This results in the formulation of MS error function.
The resulting vector from the modal stiffness error function is of size (NMDOF x 1). The modal flexibility error function was developed by Arya and Sanayei (2000) . Conceptually, the modal flexibility error function is a measure of the difference between predicted and measured modal displacements. This error function makes use of the dynamic matrix denoted with D as,
(4) As in (2), the Eigenvalue problem can be partitioned into measured and unmeasured modal coordinates "a" and "b", respectively. It allows the unmeasured modal coordinates b φ to be condensed out of (2), resulting in the formulation of MF error function,
The resulting vector from the modal stiffness error function is of size (NMDOF x 1) and is calculated for each measured natural frequency and associated subset of measured modal coordinates, a φ .
UNIVERSITY OF CENTRAL FLORIDA GRID
This work makes use of a scale bridge model located at the University of Central Florida (UCF) . This model is known as the UCF Grid. This model is "intended to close the gap between very simple laboratory tests and field tests." The model has complex boundary conditions and connections that cannot be fully modeled in an efficient parameter estimation FEM. This simplification process is very common in parameter estimation especially in field applications. This adds in some of the uncertainty that is always present in real world parameter estimation. A photo of the model is presented below in Figure ( 1). Gul and Catbas (2008) conducted a non-destructive test using this model. This research discusses the DAQ and NDT setup and subsequent analysis of the test data in PARIS. The model is a simple two span structure. There are two girders that run continuously for the full length of the model over three supports each. There are a total of seven beams that connect the two girders. Both girder and beam members are S3x5.7 standard shapes. These sizes were chosen to make the first few natural frequencies representative of short to medium span bridges, about 1 to 50 Hz. The support members are larger W12x26 standard shapes. The larger shape reduces the effect of support 
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A finite element model was created using the original design and published stiffness values. Figure 4 shows the member numbering scheme. Table 1 shows the initial section properties for the finite element model. These are the values which will be updated in the estimation process. The beams, girders, and piers were standard shapes so their section properties could be easily obtained from an AISC manual. The piers act only as axial elements in the model so bending and torsion properties are not necessary. The connections are more complex because they are built up from multiple pieces of steel. The builtup section properties in Table 1 The design and execution of the NDT and identification of modal properties were performed by Mustafa Gul at UCF . Figure 5 shows the four locations used to excite the structure and the eight accelerometer locations to measure responses. The DAQ system recorded all applied forces in a time history format. The resulting structural vibration is measured using the accelerometers. The measured excitations and responses are used to identify mode shapes for several natural frequencies of the structure.
FIGURE 5 -UCF GRID NON-DESTRUCTIVE TEST
All the modal data delivered from UCF was examined for reliability. The experimental mode shapes were plotted and compared to analytical mode shapes from SAP2000 © . Figures 6 and 7 are plots of the experimental and analytical mode shapes with their corresponding natural frequencies. Each measured mode shape has only 8 measured degrees of freedom. It is believed that these degrees of freedom will give the most efficient observability of the first few modes.
In order to plot the measured modes it was assumed that the vertical degrees of freedom over the piers remained stationary because they are axially restrained. This provides six additional points for plotting mode shapes. It is a reasonable assumption for lower modes, but there may be some loss of contact between the piers and the grid at higher modes of vibration. It was also assumed that connecting the measured degrees of freedom with straight lines would not obscure the modal behavior. This holds true for lower modes but is not true for higher modes. Analytical modes 7, 8 and 9 are dominated by vibration of the beams. No measurements were taken on the degrees of freedom representing the beams so this behavior was not able to be observed properly. Analytical modes 7, 8 and 9 all have frequencies of about 74 Hz. Measured mode 7 was the only observed mode of vibration with a similar frequency, 77.5 Hz, but this mode shape does not match with analytical mode 7, 8 or 9. It is believed that the analytical modes are accurate, but the higher modes could not be properly observed given the sparse set of sensors. The above assumptions were only used to plot the mode shapes and were not used in the subsequent analysis of the data using PARIS © . These charts are useful in order to get acquainted with the modal behavior of the grid, but it is not always easy to see how well each measured mode matches with its corresponding analytical mode. A numerical tool called the MAC (Allemang, 2003) , short for Modal Assurance Criterion, is used here as a measure of how well experimental and analytical modes match. The modal assurance criterion makes use of orthogonality relationships between mode shapes φ . The formulation of the MAC used in this research is the following. E1 22.2 0.998 0.001 0.000 0.000 0.000 0.000 0.487 0.000 0.000 0.998 0.000 0.000 0.000 0.000 0.000 0.060 0.000 E2 26.8 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.177 
TABLE 2 -UCF GRID MAC MATRIX
The MAC values are not perfect indicators of modal correlations, especially when a small subset of DOFs is used to characterize the mode shapes of the system. Note that the MAC values for experimental mode 1 and analytical mode 10 are close to unity. This occurs because these mode shapes are nearly identical at the measured DOF (Figures 1 and 2 ), but it is clear from their frequencies (22.2 Hz and 95.7 Hz) and the unmeasured degrees of freedom that these mode shapes are not the same. The highlighted values in Table 2 are believed to represent true modal matches. The analytical and modal matches are summarized in Table 3 .
Using the graphical plots in Figures 6 and 7 , the MAC values in Table 2 , and the modal pairing summary in Table 3 , it was determined that experimental modes 1-6 and 8-12 are the most accurate and reliable for use in parameter estimation. Experimental mode 7 was not used because it is believed to be the result of multiple modes that could not be accurately observed. Higher modes were not used because the eight measured degrees of freedom cannot accurately characterize their complexity. This exercise is useful to determine which modes are most reliable but it is not required for parameter estimation because the modal error functions make no comparison between analytical and experimental mode shapes. This is presented here for informative purposes only. Cases 7, 8 and 9 all involve simultaneous estimation of stiffness and mass parameters. Case 9 failed to converge for all error functions. There were four unknowns which represent most of the stiffness and all of the mass parameters for the model. It is possible to have two models whose mass and stiffness are different only by a linear factor which will both have identical modal properties. This made it impossible to estimate all mass and stiffness parameters simultaneously.
Cases 7 and 8 involve calculating the stiffness and mass of only the connections. In Case 7 the properties of the girder and beam connections are grouped. In case 8 the properties of the beams and beam connections are assumed known and set to the initial values given in Table 1 . For this case the properties of the girder and girder connections are unknown and are estimated. The properties of the girders and beams are well known through published values and are backed up by several results from the previous estimations. It is reasonable to try to estimate the parameters that are more uncertain. The modal flexibility error function gives results that are too high to be reasonable for the equivalent stiffness of the connections, z I , in both cases 7 and 8. The MS error function does better in these estimation cases. The estimated MOI for the connections falls within the expected bounds. Both error functions give reasonable estimates for the mass parameters.
CONCLUSIONS
Some of the estimation cases in this work resulted in accurate stiffness values that were backed up by the expected properties of the standard steel shapes. These results prove that it is possible to accurately estimated unknown stiffness values using modal data that have a high sensitivity to the unknown parameters. When the measurements do not have a high sensitivity to the unknown parameters, even small measurement or modeling errors can propagate through the estimation process resulting in unreliable final estimates. When these exercises were conducted the true state of the structure was fairly well known. The next step to prove the effectiveness of the parameter estimation methods of this work would be to conduct a blind test where the true values of the estimated parameters are known only to the experimenters, and it is up to the researchers performing the model updating to identify these unknown parameters.
